Background：Atrial fibrillation (AF) has a tendency to become persistent over time and is known to induce atrial electrical, mechanical and ionic remodeling. However, the underlying mechanisms by which AF persists were not fully determined. The present study was carried out to assess alterations in the gene expression, including the oxidative stress-related genes of atrial myocardial cells in patients with persistent AF, and ultrastructural remodeling, as assessed by electron microscopy (EM) in pacing-induced sustained AF canine models. Methods：cDNA microarray technique and Western blot studies were performed, with tissue samples (right atrial appendage) from 10 patients, 4 with persistent AF and 6 used as controls, which had undergone coronary artery bypass surgery. Four dogs were subjected to continuous left atrial pacing at 400 bpm for at least 12 weeks to induce AF. One dog in sinus rhythm was used as a control sham operation. Tissue samples (1 mm 3 ) were obtained from 4 sites of both atria for EM examination. Results：Thirty up-regulated and 25 down-regulated gene expressions were observed in the patients with AF. Eight of the up-regulated and 6 of the down-regulated genes were oxidative stress-related, which were confirmed by Western blot analyses. The characteristics of ultrastructural remodeling by persistent AF were: 1) an increased number of minimitochondria, 2) disarrayed myofilaments, 3) rarefaction of myofilaments, 4) disintegrated cristae and alignment in mitochondria and 5) vacuolization. Conclusions：Persistent AF leads to alterations in the gene expression related to oxidative stress in the atrium, and also results in ultrastructural changes similar to those of an ischemia-reperfusion injury. (Korean Circulation J 2004 ; 34 (7) : 693-705) 
Introduction
Atrial fibrillation at the initial stage lasts for a short period. The characteristic of atrial fibrillation is that as time passes, its frequency and duration increase, and then it becomes chronic. It has been reported that 31 and 46% of cases convert to chronic atrial fibrillation when the maximum durations of paroximal atrial fibrillation were shorter than and longer than 48 hours, respectively. 1) Such phenomena have been verified in experimental systems. Atrial fibrillation lasted for 20 seconds when artificial atrial pacing was continued for 24 hours, but for longer than 24 hours when continued for over 2 weeks.
At that time, the atrial effective refractory period (AERP) was significantly shortened, and the loss or impairment of the ability of the reversion of the normal adaptation of the AERP to the heart rate occurs, in other words, electric remodeling occurs. Such alteration has been reported to maintain atrial fibrillation for a longer period. 2) In the pacing-induced atrial fibrillation, the atrial effective re-fractory period is shortened, but completely returns to normal within 5-8 minutes of the cardioversion to sinus rhythm. The longer the duration after the cardioversion of atrial fibrillation to sinus rhythm, the harder it is for atrial fibrillation to recur. Even if it recurs, the episodes become short. Such an electric remodeling phenomenon is a very important mechanism of the recurrence and maintenance of atrial fibrillation. 3) Together with such electric remodeling, the ability of the atrium to dilate and constrict becomes impaired. The constriction ability of the atrium has been reported to recover within 24 hours when atrial fibrillation lasts for less than 2 weeks, within one week for between 2 and 6 weeks, and within one month for over 6 weeks. In such manners, the ability of the atrium to recover is dependent on the duration of atrial fibrillation. 4) Because atrial fibrillation recurs readily as the ability of the atrium to constrict reduces, 5) such structural and functional alterations of the atrium plays important role in the maintenance of atrial fibrillation.
In molecular biology research, due to the fast beat of the atrium during atrial fibrillation, the concentrations of the transient outward K + current (I to ), L-type Ca 2+ current (I Ca ) and Na current (I Na ) are reduced. The alterations in the expressions of the ion, calcium, L-type calcium and sodium channels involved in the depolarization and repolarization of myocardiac muscles by atrial fibrillation are the remodeling of ion channels in response to chronic atrial fibrillation, and such alterations have been suggested as the mechanism by which chronic atrial fibrillation is induced. [6] [7] [8] Recently, it has been reported that during atrial fibrillation, oxidative stress acts on the atrium, and thus reduces the ability of the atrium to contract. 9) This suggests the ischemic alteration of myocardiac cells induced by atrial fibrillation may be the mechanism of maintaining atrial fibrillation. In such manners, the mechanism of chronic atrial fibrillation is complex, and requires further research. Herein, the expression of genes during persistent atrial fibrillation, particularly the expression of genes specifically related to oxidative stress and the alteration of the unlrastructure of the atrium were examined in an effort to assess the correlation to the persistence of atrial fibrillation.
Methods
Two aspects of detailed research have been performed, as follows.
1) The analyses of the expressions of genes in myocardiac cells in persistent atrial fibrillation patients and controls.
2) The assessment of the ultrastructural remodeling phenomenon in persistent atrial fibrillation animal models.
The analyses of the expressions of genes in myocardiac cells of persistent atrial fibrillation patients and controls
In 10 patients having undergone coronary bypass surgery for ischemic diseases, the right atria were excised from 4 with persistent atrial fibrillation and 6 with normal sinus rhythm, and gene analyses performed using the obtained myocardiac tissues. The analysis was performed by a cDNA microarray, and selected genes that showed significant abnormal expression, and their expressions were assessed by Western blot.
RNA extraction
The total RNA was extracted from 50 mg of the right atrium tissue and homogenized (Tissue·Tearor homogenizer; Biospec product, Inc). The equipment used for the total RNA extraction was autoclaved more than 40 minutes to remove ribonuclease (RNase) prior to use.
Distilled water sterilized by treating with 0.1% of the potent reagent lysing protein diethylpyrocarbonate (DEPC; Sigma, St Louis, MO, USA) was used to prepare all the reagents for the experiments.
The total RNA was extracted by the addition of 500 μL RNA lysis solution (4.2 M guanidine iso thiocyanite, 0.75 M sodium citrate and 10% sarcosyl), 500 μL citrate-saturated phenol (Bioneer, Equilibrated Phenol A, pH 4.3±0.2) and 300 μL chloroform (Merck, Darmstadt, Germany). The mixture was incubated on ice for 30 minutes, centrifuged at 14,000 rpm and 4℃ for 10 minutes (Micro-17R plus, Micro high speed centrifuge, Hanil), the supernatant transferred to a tube, the same volume of Isopropanol (Merck) added, mixed 10-20 times and cooled at -20℃ more than 1 hour.
The mixture was centrifuged at 14,000 rpm and 4℃ for 10 minutes and an RNA pellet obtained. The pellet was rinsed twice with 1mL 75% ethanol, and the ethanol evaporated using a heating block. Finally, the extracted RNA pellet was dissolved in RNase-free water (sterile water treated with DEPC) and the concentration measured at 260 nm using a spectrophotometer (spectrophotometer-DU650; Beckman, Somerset, NJ, USA). The total RNA obtained from the tissues was used in the cDNA array of human genome 15K clones (Research Genetics, USA) and P-33 labeled probes. The total RNA concentration in a sample was 5 μg/10 μL.
cDNA microarray using a membrane coated with radioactive materials
The cDNA microarray was prepared by applying 15,000 human cDNA clones obtained from Research Genetics. cDNA amplified by PCR was attached to a nylon membrane. The method reported by DeRisi et al. in 1996 was used as a general technique. The total RNA was extracted from the biopsy samples obtained during surgery and cDNA labeled with P-33 was prepared using a reverse transcription technique. Briefly, 3-10 μg total RNA was treated with the reverse transcription solution (5 X first strand PCR buffer, 1 μg of 24-mer poly dT primer, 4 μL of 20 mM each dNTP excluding dCTP, 4 μL of 0.1 μM DTT, 40 U of RNase inhibitor and 6 μL of 3000 Ci/ mmol P-33 dCTP in a final volume of 40 μL), and the products of the mixture incubated at 65℃ for 5 minutes and 42℃ for 3 minutes. To the sample, 2 μL Superscript reverse transcriptase (Life Technologies, specific activity: 200,000 U/mL) was added, the primary reaction was performed by incubating at 42℃ for 30 minutes, and the second reaction was performed by the addition of a further 2 μL superscript reverse transcriptase and incubated for 30 minutes. The reaction was terminated by the addition 5 μL 0.5 M EDTA and 10 μL 0.1 M NaOH, and the residual RNA was destroyed by reacting at 65℃ for 30 minutes. Subsequently, the final product was neutralized by the addition of 25 μL 1 M Tris (pH 8.0) and purified using Bio-Rad 6 purification columns (Hercules, CA). The radioactivity of the final product was 5×10 
A Z-ratio equal to or higher than 2 was considered significant.
Scatter plots were drawn based on the radioactivity intensity, and prepared using software obtained from Spotfire Inc. (Cambridge, MA). Cluster analysis, performed by applying the Z-transformation value, was carried out using software provided by Michael Eisen's laboratory (http://rana.lbl.gov).
Western blot analysis
SDS-PAGE was performed on 10% (wt/vol), pH 8.8 polyacrylamide resolving and 4% (wt/vol), pH 6.8 polyacrylamide stacking gels. As a reaction buffer for saturating the proteins, 5 volumes of a reaction buffer was mixed with the antigen extraction buffer, and a final solution of 0.05 M Tris-HCl (pH 6.8) containing 2% SDS, 10% glycerol and 5% 2-mercaptoethanol was prepared. The total protein concentration of the sample mixed with the buffer was adjusted to 50ug, heated at 100℃ for 5 minutes, subjected to a polyacrylamide gel with the molecular weight markers, and electrophoresed at a 45 mA stabile current for 4 hours. After the electrophoresis, gels were destained with a solution containing 0.1% acetic acid and 30% methanol. For Western blot, protein in the gel was transferred to a nitrocellulose membrane for 2 hours at 100 V in a transfer chamber (NC, Bio-Rad Richmond, CA). After completion of the protein transfer, the nonspecific reaction was blocked with blocking buffer, phosphate-buffered saline/Tween 20 (PBST) containing 3% skimmed milk, and then rinsed. The membrane was reacted with either primary antibody anti-tyrosinase-related protein 1, anti-tyrosine 3 monooxygenase, or anti-glutathione peroxidase antibody (Santa Cruz Biltechnology, CA USA) diluted 1:3,000 with PBST solution, containing 3% skimmed milk, at 4℃ for 15hours, and then washed. After washing, the membrane was reacted with the primary antibody goat anti-mouse IgG (sigma, USA) diluted 1:3,000 with PBST solution, containing 3% skimmed milk, at room temperature for 1 hour. After the reaction, the membrane was washed 3 times for 30 minutes, and the protein expression assessed by the ECL method (Enhanced Chemiluminescence reagents) (Amersham Pharmacia, USA) according to the manufacturer's instructions.
Observation of the ultrastructural remodeling phenomenon in an animal model for atrial fibrillation

Development of an animal model for persistent atrial fibrillation
For the study, 12 mongrel dogs (18-30 kg) were used. After an intramuscular injection of ketamine, each dog was placed under general anesthesia by an intravenous injection of pentothal sodium (10-15 mg/kg), and the anterior thoracic wall dissected. Suitable atrial capture was confirmed by placing a unipolar electrode to the epicardium of the left atrium, and a pacemaker (Medtronic Inc) was connected. The pacemaker was placed under the subcutaneous layer by placing in a pocket created by dissecting the skin of the left upper chest wall. As the control, the pacemaker was not activated, but was maintained for 3 months in one dog. In the remaining 11 dogs, the pacemaker was activated 2 days after its placement when the dog had fully recovered and activated 400 times per min. Electrode patches were placed in the limbs to record the body surface ECG, and the numbers of atrial stimulation and ventricular response were measured. ECG was measured every week by maintaining the pacemaker, which was inactivated temporarily to determine whether atrial fibrillation had been induced. Once atrial fibrillation was induced, which occurred in only 5 of the 11 dogs, it was maintained for 12 weeks. Data collected from 1 of these 5 dogs were excluded due to the presence of Filariasis within the heart. 1) Experimental group: Atrial fibrillation was induced by activating the pacemaker for more than 12 weeks in the left atrium (n=4).
2) Control group: The pacemaker was maintained in the atrium for 12 weeks, but no electrical stimulation was applied (n=1).
Changes in the ultrastructure in the atrial fibrillation animal model
Histological remodeling was observed under scanning electron microscope in the experimental and control groups 12 weeks after placing the pacemaker. The dog was placed under general anesthesia with an intravenous injection of pentothal sodium (10-15 mg/kg), and the anterior cardiac wall dissected by observing the animal with surface ECG. After creating a pericardial cradle, the whole heart, including portions of left and right pulmonary veins, was quickly removed. From the removed heart, the left and right atria were isolated and at least 4 sample tissues obtained from each atrium. Some portion of the isolated atrial tissue was fixed in formalin and some was prepared into 1×1 mm 3 slices and stored in 3% Glutaraldehyde solution for observation under SEM. Quantitative analysis for mitochondria was performed under SEM by measuring the diameter and comparing the average.
Statistical analysis
The measured diameter of mitochondria was expressed as the mean±SD. SPSS for Windows version 8.0 was used to compare the measured values in the two groups and student t-tests for the verification. p less than 0.05 were considered statistically significant. Table 3) . Figure 3 shows the results of the Western blot analysis performed to confirm changes in oxidative stress related genes among those genes showing a significant difference in their expression compared with that of the control group at the protein level, according to the results of the microarray. SDS/PAGE was used to isolate tyrosinaserelated protein 1, tyrosine 3 monooxygenase and glutathione peroxidase 1, which were extracted from cardiac tissues of the experimental and control groups. β-actin was used as the internal standard. Compared with the control group, the expressions of the oxidative stress related genes, including tyrosinase-related protein 1 and tyrosine 3 monooxygenase, were higher, whereas the expression of the oxidative stress related gene, glutathione peroxidase 1, was lower in the experimental group.
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Changes in the ultrastructure observed under SEM
Compared with the control group, the mitochondriae were small and deformed, the morphology of cristae within the mitochondria was also observed, and one case in the experimental group showed frequently small and elongated mitochondria. When the size of the mitochondriae was analyzed quantitatively between the two groups, the number having a less than 0.5 μm diameter was 3.9% in the control group, whereas this was 43.0% in the control group (Figure 4 
Discussion
Electrical remodeling phenomenon, such as the decreased effective refractor period of the atrium, would result when atrial fibrillation persists, which in turn is known as the major mechanism making atrial fibrillation chronic.
2)3) This mechanism involves excess accumulation of calcium within cells. 10) With the administration of verapamil, electrical remodeling due to atrial fibrillation would be lost, supporting this mechanism. 11) Studies have also recently been performed from a molecular biology aspect, in which changes in ion channels, such as the L-type Ca 2+ channel, have been proposed as the mechanism causing electrical remodeling. 6)7) This electrical remodeling phenomenon is known as the major mechanism responsible for atrial fibrillation becoming chronic. Actually, however, the effective refractory period would completely recover within a few days, even after atrial fibrillation is converted to sinus rhythm, but atrial fibrillation could recur even one week later.
2) Thus, the mechanism of persistent atrial fibrillation could not be accounted for solely by the electrical remodeling phenomenon.
Atrial fibrillation decreases the contractile action of the atrium. According to Manning et al., 4) atrial contraction would recover within 24 h after being converted to sinus rhythm when atrial fibrillation persists for 2 weeks, but take more than 1 month when atrial fibrillation persists for more than 6 weeks. It was also reported that atrial fibrillation induced by decreased contractile action of the atrium is due to excess accumulation of Ca 2+ within cells. 12) From the molecular biology aspect, it was also reported that decreased L-type Ca 2+ current is involved. 13) Thus, decreased contractile action of the atrium and the electrical remodeling phenomenon are closely related.
This close relationship was also verified by Schotten et al. 14) However, the time needed to recover normal cardiac action was different between these two phenomena. Factors other than electrical remodeling, such as morphological and structural remodeling, are obviously involved in the decreased contractile action of the atrium due to atrial fibrillation. These factors could also act as the mechanism causing atrial fibrillation to become chronic. According to the results of this study, some genes related with oxidative stress were characteristically expressed in persistent atrial fibrillation, The findings from the atrial tissue showed increased numbers of small and deformed mitochondriae, alignment change of cristae within mitochondria, myofilament disarray, myofilament rarefaction and vacuolar change. These findings were similar to changes in the ultrastructure shown in ischemic-reperfusion injury, suggesting that persistent oxidative stress due to atrial fibrillation within the atrium, along with the electrical remodeling phenomenon, is also the major mechanism causing atrial fibrillation to become chronic.
Atrial fibrillation and oxidative stress
Oxidative stress is known to occur in myocardiac cells of the heart and in smooth cells of the coronary artery, which induce various heart diseases, such as cardiac failure due to decreased contractile action of cardiac muscle, 15) ischemia-reperfusion injury 16) and arrhythmia related with reperfusion. 17) The mechanism involves the production of reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), superoxide radical, hydroxyl radical and peroxynitrate. These substances would change phospholipids and protein due to their oxidative reaction with lipid peroxidation and thiol groups, changing the cellular protein function, and the permeability and morphology of the cell membrane. and morphologic change of nucleus, are similar to those in hibernating myocardium due to chronic cardiac ische- mia. 13) The accumulation of glycogen within cells is a result of glucose rather than fatty acids being used as the energy source due to an unbalanced demand and supply of oxygen. 22) According to the observation by White et al., 23) the amount of oxygen needed within atrial tissue would increase more than 3 fold immediately after atrial fibrillation is induced, and the consequent atrial flow reserve would decrease significantly. Thus, it is likely that the histological changes in the atrium are due to ischemic changes within the myocardium. Chronic ischemia would be induced due to tachycardia, inducing chronic injury by excess ROS within atrial cells.
Of myofibrillar creatinine kinase (MM-CK) and myosin ATPase, which are the important substances regulating the contraction of myocardiac cells, it is known that MM-CK would react sensitively to oxidative stress. 24) Mihm et al. 9) reported that the level of MM-CK obtained from the right atrium of patients with atrial fibrillation was decreased compared with controls. However, the overall CK and myosin ATPase activities did not decrease. They detected ROSs, such as peroxynitrite and hydroxyl radical biomarkers, suggesting that oxidative stress would participate in the decreased contraction of the atrium at the time of atrial fibrillation. The finding of the changed expressions of the genes related with oxidative stress in patients with atrial fibrillation suggests that morphologic and electrophysiological changes in the atrium and decreased contractile action of the atrium due to persistent atrial fibrillation are involved in the mechanism of oxidative stress that causes atrium fibrillation to become chronic, rather than being the secondary phenomena.
Changes in the ultrastructure due to atrial fibrillation
Atrial fibrillation would accompany the electrical and morphologic remodeling phenomena in the atrium. In 1995, Morillo et al. 25) reported for the first time that the electrical remodeling phenomenon, where the fibrillation cycle and effective refractory period were decreased, induced after activating the pacemaker in the dog heart for 6 weeks, increased the size of the atria in which the left atrium was increased by 45%, and the right by 67%. SEM findings of the ultrastructure included disarrayed fibers, increased size of mitochondria and changed rough endoplasmic reticulum. According to a later study observing goats after the quick application of pacemaker, 26) the findings included loss of structures, such as the myofibril needed for cellular contraction, nuclear chromatin dispersion, intracellular accumulation of glycogen and changed sarcoplasmic reticulum. However, the mitochondria was small and elongated and the cristae aligned and elongated, which were different from the findings by Morillo et al. 25) The findings according to the present study were similar to those previously determined, but the mitochondriae were either small or elongated, suggesting the fin- C dings maybe different according to the type of animal or study method used. The production of vacuoles was also observed. According to a previous study, 27) atrial fibrillation developed in 90% of those patients who underwent coronary artery bypass surgery that showed vacuoles around the nucleus in the muscle layer of the atrium, whereas it developed in only 5% of patients showing no or few vacuoles. Thus, a close relationship maybe present between the production of vacuoles and the development of atrial fibrillation.
Recently, researchers performed a systematic study observing the histological changes due to atrial fibrillation according to the period of atrial fibrillation and found that uniform dispersion of nuclear chromosome 1 week after atrial fibrillation. Later, the mitochondria and sarcoplasmic reticulum gradually changed. The accumulations of myolysis and glycogen were increased until 8 weeks of atrial fibrillation. By 16 weeks, myolysis occurred in 42% of muscle cells in the right atrium, and the size of muscle cells was also significantly increased. 28) Rather than being degenerative changes, these ultrastructural changes were probably due to dedifferentiation into the myocardiac cells observed during the embryonic or fetal stages in order to adapt to the surrounding environment. Thus, myocardiac cells would try to adapt to an unsuitable environment with such adverse conditions as increased stress to the atrial wall and myocardial ischemia. They found cardiotin loss by one week of atrial fibrillation. By 8 weeks, the findings included the loss of the titin A-I junctional part, loss of desmin in the intercalated disk and reexpression of α-smooth muscle actin,
showing the dedifferentiation phenomenon. Also, according to the previous study by the same team, in all of hibernating myocardiac cells and muscle cells in the atrium that caused the atrial fibrillation to become chronic, the genes related with apoptosis or DNA injury, including Bcl-2, P53 and PCNA, were not expressed.
Thus, changes in the ultrastructure were not degenerative, but dedifferentiation changes, suggesting changes in the ultrastructure were due to a similar mechanism. 29) Sarcomere loss is a result of contraction loss or downregulation. Passive stress would occur within the myocardium when there is no contraction. Thus, this stimulation could increase the size of myocardiac cells. 30) Further studies are needed to elucidate the mechanism involved in a changed myocardium ultrastructure at the time of atrium fibrillation.
Limitation of the study
The limitation of this study was that the gene expression of the myocardiac cell and ultrastructural remodeling phenomenon in the same atrial tissue could not be observed. Despite trying to observe the gene expression in the dog atrial model, there is no species specific membrane for the cDNA microarray, unlike for the other animal species used in this type of study, such as rats and pigs.
Thus, further studies are needed on this subject. 
